The proteasome inhibitor bortezomib, which induces cell death in various cancer cell lines including lymphatic neoplasias, has recently been approved for the treatment of relapsed multiple myeloma. Important mechanisms of proteasome inhibitormediated tumor cell death are the inhibition of NF-jB activation and induction of the terminal unfolded protein response (UPR). However, little is known about effects of bortezomib on developing and mature lymphocytes. Therefore, Balb/C mice were injected with bortezomib and lymphocyte subsets were analyzed. This treatment resulted in dramatically decreased numbers of T and B lymphocyte precursors, while mature lymphocytes were only partially affected. Thymocytes were almost depleted 3 days after a single bortezomib injection, pro-B and pre-B cells already after 2 days. Thymocytes and B cell precursors recovered within 2 weeks. The decreased numbers of developing lymphocytes were due to apoptotic cell death accompanied by strongly increased caspase 3/7 activity. Within 8 h after bortezomib injection, there was a strong induction of heat shock protein 70 and C/ EBP homologous protein in bone marrow B cells, indicating endoplasmic reticulum stress and activation of the terminal UPR, respectively. Hence, induction of apoptosis by proteasome inhibition can dramatically affect lymphocyte development, a fact which has important implications for the clinical use of bortezomib, especially in situations with ongoing lymphopoiesis.
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Degradation of intracellular proteins is a tightly controlled process regulating protein homeostasis as well as the concentrations of critical signaling and regulatory proteins. Correct function of the ubiquitin-proteasome machinery is critically involved in cellular processes, such as cell survival, cell cycle control, [1] [2] [3] [4] antigen processing, 5 removal of nonreceptor kinases, cell adhesion, and migration. 6 Also activation of the antiapoptotic transcription factor nuclear factor-kappa B (NF-kB) requires degradation of its inhibitory proteins, so called inhibitors of kappa B (IkBs), by the ubiquitin-proteasome pathway. Stimulation of multiple immunologically relevant receptors such as the T-cell receptor (TCR), B-cell receptor (BCR), TNF receptors (TNFRs), and CD40 leads to NF-kB activation via IkB degradation. 7 In addition, proteasomes mediate the removal of misfolded proteins and defective ribosomal products. 8 Bortezomib, a dipeptidyl boronic acid derivative, represents the only proteasome inhibitor in routine clinical use to date. Bortezomib has been approved for treatment of multiple myeloma progressing on prior therapy. 4, 9 Selective induction of cell death mediated by proteasome inhibition has been well documented in various malignancies, among them multiple myeloma, ovarian cancers, leukemias, and T and B cell lymphomas. 4, 10 However, the effects of proteasome inhibition on non-malignant developing and mature lymphocytes remain largely unknown.
Both T and B cells arise from common lymphoid precursors and share important features, including crucial genomic rearrangements and clonal expansion. Thymocytes progress through the CD4/CD8 double-negative (DN, CD4 À CD8 À ) stages DN1, DN2, DN3, and DN4 to the double-positive (DP, CD4 þ CD8 þ ) stage and ultimately select a single positive fate (SP, CD4 þ or CD8 þ ) before emigrating from thymus. Only cells with functional TCRb gene rearrangement can form a pre-TCR, which induces NF-kB activation preventing apoptotic cell death and enabling transition from DN3 to DN4.
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Thymocytes with functional TCRb rearrangement develop thus further into DP thymocytes, which rearrange the TCRa gene and, consequently, undergo TCR-driven positive and negative selection. 12 In analogy, B cells mature from hematopoietic stem cells in the bone marrow through developmental stages characterized by the expression of surface markers defining the pro-B, pre-B, and immature B cells, which migrate to peripheral lymphoid organs and differentiate into mature B cells. During development, B cells must traverse checkpoints for functional Ig chain rearrangements enabling expression of the pre-B and mature BCR, respectively.
13 NF-kB activation by the pre-BCR supports selective survival at the pro-B to pre-B cell transition, 14, 15 respectively. Furthermore, a certain level of constitutive NF-kB activity appears to be essential for survival of mature B cells. 16 Hence, we hypothesized that developing lymphocytes at critical checkpoints and some mature B cells, which all require NF-kB activity and are hypersensitive to specific inhibition of NF-kB, 11, 14, 15 should be hypersensitive toward proteasome inhibitors.
The unfolded protein response (UPR), triggered by the accumulation of misfolded proteins within the lumen of the endoplasmic reticulum (ER), 17 leads to increased synthesis of chaperones, generally reduced protein biosynthesis, and induction of antiapoptotic factors, thereby enabling cell survival. 8, 18 However, prolonged excessive ER overload, which can be caused by proteasome inhibition, induces the terminal UPR with concomitant activation of C/EBP homologous protein (CHOP) and caspase 12 resulting in apoptotic cell death. 19, 20 Contradictory results regarding the pro-or antiapoptotic role of proteasome inhibition in lymphocytes have been reported. 2, [21] [22] [23] In this study, we investigated the effects of bortezomib on developing lymphocytes in vivo and ex vivo. Proteasome inhibition drastically impaired both B and especially T lymphocyte development by inducing apoptosis concomitant with caspases 3/7 activation. This coincided with increased CHOP and heat shock protein (Hsp)70 expression in B cells and -to a lesser extent -in T cells, indicating that activation of the terminal UPR by bortezomib may represent a leading mechanism for apoptotic cell death in developing lymphocytes.
Results
In vivo proteasome inhibition dramatically reduces lymphocyte numbers in primary lymphoid organs. To investigate the effects of the proteasome inhibitor bortezomib on developing and mature lymphocytes, we intravenously injected a single dose of bortezomib and subsequently analyzed lymphocyte sub-populations in thymus, bone marrow, and spleen over a period of 2 weeks. In dose escalation experiments, maximal depletion of developing lymphocytes was reached at a single bortezomib dose of 0.75 and 1.0 mg/kg, whereas a 0.5 mg/kg dose caused only a moderate decrease in cellularity both in thymus and bone marrow (not shown). Hence, we used 0.75 mg/kg bortezomib in all subsequent experiments. Mice did not display any overt signs of toxicity.
As shown in Figure 1 , the cellularities of thymus and bone marrow were strongly decreased by bortezomib, while numbers of nucleated spleen cells were not markedly affected. These data indicate a focused impact of proteasome inhibition on developing lymphocytes, leaving mature splenic T and B lymphocyte populations largely unaffected.
Organ cellularity started to decrease both in thymus and bone marrow within 24 h after bortezomib injection and reached its nadir at day 3. At this time point, the thymi were almost completely devoid of thymocytes ( Figure 1 ). We cannot exclude some decrease of stroma cell numbers or influence on their function by bortezomib; however, the main effect occurs directly on the lymphocytes, as evidenced by flow cytometric analyses (Figures 2 and 3 ) and in vitro experiments (Figure 4b and c) .
The cellularities of thymus and bone marrow were fully restored to levels of control mice after 14 days. This rapid repopulation of bone marrow and thymus with lymphocytes indicates that bortezomib has no profound or long-lasting effect on lymphatic stem cells.
Differential effects of bortezomib on developing and mature T-cell subsets. Flow cytometric analyses of thymocytes revealed that 24 h after bortezomib injection, the early developmental stages, that is DN cells, were more intensely decreased than the later developmental stages, namely DP and SP thymocytes. At day 3, DN3 and DP thymocytes were almost completely absent. At later time points, the decrease in cell numbers became more pronounced also in the later developmental stages such as CD4 þ SP and CD8 þ SP thymocytes reaching their nadir around day 7, when numbers of earlier developmental stages had already partially or fully recovered (Figure 2c ). This late nadir of CD4 þ SP and CD8 þ SP mature thymocytes, which appeared to be less sensitive toward direct killing by bortezomib, is most likely caused by mature thymocytes exiting the thymus while not being replenished from the DP cells. Noteworthy, CD8
þ SP thymocytes were the only subpopulation that had not fully recovered by day 14. CD25 þ
CD4
þ SP cells, which mainly represent thymic regulatory T cells, were almost completely depleted 3 days after bortezomib injection ( Figure 2c ). DP thymocytes represented the most strongly decreased sub-population. Direct induction of cell death in DP thymocytes as well as a lack of incoming newly generated precursors from the DN compartment may act together to cause this virtually complete depletion (Figure 2c ). Numbers of mature peripheral splenic CD4 þ and CD8 þ T cells were barely affected during the observation period of 14 days (Figure 3d ).
Since proteasomal function is mandatory to achieve peptide loading of major histocompatibility complex class I (MHCI) molecules, proteasome inhibition could interfere with thymic selection and, thereby, influence survival of DP and especially CD8 þ SP thymocytes. 5, 24 However, using CD69 as marker to track positive selection, we detected significantly increased absolute and relative numbers of TCRb
þ SP, and CD4 þ SP subsets at day 2 and day 7 after bortezomib injection (Supplementary Figure 1a and b) . Hence, we have no evidence for impaired positive selection due to deregulated MHC presentation in the thymus. Presumably, the transient and only partial inhibition of proteasomal function (up to approximately 80%), which can be achieved by bortezomib in vivo, 25 does not markedly impair peptide loading of MHCI molecules. Furthermore, cytofluorometric analyses of thymocyte sub-populations did not reveal marked alterations in the TCRb expression profiles at any time point (Supplementary Figure 2) .
Differential effects of bortezomib on developing and mature B cell subsets. Regarding B lymphopoiesis within the bone marrow, various subsets were markedly decreased upon bortezomib treatment. Total B220 þ B cells were decreased to 30% in respect to control bone marrow cells at day 3. However, it should be noticed that a small fraction of B cells, which were B220 bright and represented mature, longliving, and re-circulating B cells, was much less affected ( Figure 3b ). Both pro-B and pre-B cell subsets were almost completely depleted 2 days after bortezomib injection, but started to recover after day 3. Pro-B cells reached normal cell numbers already by day 7, pre-B cells thereafter, most likely due to delayed replenishment from the pro-B cell population (Figure 3c ). Immature B cells were decreased by approximately 75% for 7 days after bortezomib injection before beginning to recover. In summary, bortezomib application rapidly affected all developing B cells; however, pro-B and pre-B cells were most strongly decreased.
Analyses of mature B cells in the periphery revealed that numbers of splenic B220
þ IgM þ B cells dropped to approximately 30% of controls. Minimal counts were reached at day 2, while cell numbers started to recover after day 7 ( Figure 3d ). Total B220 þ B cells were decreased only to 70-80% (not shown).
Massive apoptosis causes depletion of developing lymphocytes. In order to elucidate the mechanisms accounting for the strongly reduced numbers of developing lymphocytes after bortezomib treatment, we monitored the activities of caspases 3 and 7 during the first 24 h. Treatment of mice with bortezomib resulted in increased caspase 3/7 activity both in thymocytes and CD19 þ bone marrow B cells (Figure 4a ). Caspase activation occurred earlier in bone marrow B cells than in thymocytes (peaks at 8 and 24 h, respectively). Apoptosis detection by AxV/PI staining of freshly isolated cells displayed only a moderate increase in numbers of apoptotic lymphocytes upon bortezomib treatment (not shown). Most likely, the low numbers of dying cells detectable are explained by the highly efficient clearance of apoptotic cells in vivo. 26 In vitro, thymocytes and bone marrow B cells undergoing cell death upon bortezomib treatment showed first an AxV þ /PI À phenotype and then became permeable for PI at longer time intervals, indicating apoptotic cell death with subsequent progression to secondary necrosis (Figure 4b and c and data not shown).
To evaluate if apoptosis induction in thymocytes depends on the thymic environment, we isolated primary thymocytes and bone marrow B cells and cultured them in vitro for 24 h in the presence or absence of different inducers of apoptosis. Antimurine Fas mAb was added to induce receptor-mediated apoptosis, while staurosporine was used as a surface receptor-independent inducer of apoptosis. In addition, the proteasome inhibitor MG132 was used in comparison with bortezomib. Proteasome inhibition with bortezomib was very potent in inducing apoptotic cell death, especially after 24 h (Figure 4b and c) .
In the case of in vitro cultures of thymocytes, an increase of apoptotic cell death was preceded by caspase 3/7 activation are diverse. We suspected the implication of ER stress response and terminal UPR-related mechanisms, which we and others have described for myeloma cells. 20, 27 Therefore, we performed western blot analyses to detect pro-and antiapoptotic factors as well as critical components of the UPR.
Thymocytes depicted an increase in the concentrations of CHOP protein and mRNA, indicating activation of the terminal UPR (Figures 5a and 6b) . The Bcl-2, Bcl-X, Bax, and PARP protein concentrations were not markedly altered by bortezomib treatment (Figure 5a ). Additionally, we observed a moderate increase of Hsp70 protein concentrations 8 and 16 h after bortezomib administration in thymocytes, while in CD19 þ bone marrow B cells, the increase of Hsp70 concentrations was dramatic ( Figure 5 ).
In CD19 þ bone marrow B cells, a strong increase of proapoptotic CHOP indicating activation of the terminal UPR Minor modulation of NF-jB activity by bortezomib in developing lymphocytes. Next, we analyzed the activity of the transcription factor NF-kB, since it is an important survival factor during certain stages of lymphocyte development and its activation is dependent on proteasomemediated degradation of the inhibitory IkB proteins. 11, 15, 28 Unexpectedly, the IkBa protein concentrations transiently decreased in bone marrow B cells after bortezomib injection of the mice, indicating potential NF-kB activation by bortezomib, possibly due to induction of ER stress. There was no evidence for IkBa degradation in thymocytes (Figure 5a ). The DNA-binding activities of nuclear NF-kB and Oct-1, which is a constitutively expressed transcription factor, were not markedly altered upon bortezomib treatment 
Discussion
Bortezomib is the first proteasome inhibitor approved for clinical use. However, its potential effects on lymphopoiesis are largely unknown and, among T cells, mainly mature T lymphocytes have been a matter of research. 6, 21, 29 Bortezomib can induce selective apoptosis in some mature T cells and decreases Th1 responses among alloreactive T lymphocytes. 29 Since activation of the transcription factor NF-kB plays a crucial role during defined stages of T and B cell development 7, 30 and NF-kB activation can be blocked by proteasome inhibitors, 28, 31 we investigated the influence of bortezomib on developing and mature murine lymphocytes both in vivo and in vitro.
At doses of 0.75 mg/kg, which had been previously used for treatment of myeloma and T-cell leukemia in mouse models, 10 bortezomib induced drastic depletion of most developmental stages of T and B lymphocytes. Unexpectedly, lymphocyte depletion was not associated with an inhibition of NF-kB DNA-binding and transcriptional activity. In bone marrow B cells, transient IkBa protein degradation was observed 8 and 16 h after bortezomib treatment corresponding with moderately increased IkBa mRNA concentrations, which even indicate some NF-kB activation. Most likely, bortezomib-induced ER stress and UPR activation lead to IkBa degradation and increased somewhat the transcriptional NF-kB activity in spite of the partially inhibited proteasomes. In addition, the T and B lymphocyte subsets depleted by bortezomib treatment were not restricted to those with known dependence on NF-kB for their survival. 11, 14, 15, 28 For instance, there is relatively little NF-kB activity and sensitivity toward NF-kB inhibitors in DP thymocytes. 11 Therefore, alternative mechanisms triggered by proteasome inhibition may play dominant roles in bortezomib-mediated cell death.
The most affected lymphocyte sub-populations were T and B cell precursors, especially the DN3 and DP compartments in the thymus and the B220 þ cKit þ pro-B cells and the B220 þ CD25 þ pre-B cells in the bone marrow. In addition, CD4 þ CD25 þ thymocytes, mainly consisting of natural regulatory T cells, were virtually depleted from the thymus, whereas CD4 þ CD25 þ regulatory T cells in the spleens were not affected.
Concomitant to cell death, activation of effector caspases 3 and 7 was detected. Proteasome inhibitors can activate downstream caspases at least in part through Smac/DIABLO stabilization. 3 Our data also demonstrate effector caspase activation due to proteasome inhibitor treatment. However, the exact molecular mechanisms involved in bortezomib-induced cell death may differ in distinct developmental stages or between T and B cells and remain to be fully elucidated.
We have recently demonstrated that activation of the terminal UPR can be triggered by bortezomib, at least in cells producing large amounts of immunoglobulins or other ER-synthesized proteins. 20 In this report, we demonstrate a strong increase in the expression of the terminal UPR component CHOP and the chaperone Hsp70 in bone marrow B cells from mice treated with bortezomib, both at the protein and mRNA levels. Similar results were also observed for thymocytes, although less pronounced (Figures 5 and 6) . Overexpression of Hsp27, Hsp70, and Hsp90 has been previously described to overcome bortezomib-induced cell death in the B-lymphoma cell line SUDHL-6, whereas c-Jun and caspase 3 overexpression sensitized this cell line toward apoptosis. 32 Interestingly, the Hsp70 machinery delivers misfolded proteins to the proteasome 33 and, according to our present data and previous reports, 33, 34 Hsp70 is induced by accumulation of unfolded proteins. Bax-dependent release of apoptosis-promoting proteins from mitochondria can trigger CHOP and Bcl-XL expression. 35, 36 However, proteins that are highly relevant in apoptosis regulation such as Bcl-2 and Bcl-X were not markedly altered by bortezomib ( Figure 5 ). Bax protein concentrations were not markedly changed, although we detected an upregulation of Bax mRNA during the first 16 h (Figure 6b ). Hence, modulation of Bcl-2 family members appears not to represent the primary mechanism of apoptosis caused by proteasome inhibition. In bone marrow B cells, a substantial decrease of PARP was observed 8 and 16 h after bortezomib injection. In spite of the decrease in full-length PARP, we could not detect corresponding PARP cleavage products, possibly due to immediate further degradation. There was no evidence for PARP cleavage in thymocytes. This unexpected finding might be explained by the fact that PARP cleavage is a relatively late event during apoptotic cell death, while, in vivo, the majority of apoptotic thymocytes are rapidly removed in the early phases of apoptosis. 26 Additionally, PARP cleavage is strongly dependent on the cell type and the apoptosis inducing agent. 37 The mechanisms underlying bortezomib-induced apoptosis might follow a particular pathway, which does not rely exclusively on prototypical endogenous or exogenous apoptotic pathways. Our results imply that the adaptation of lymphocytes to the stress induced by proteasome inhibition displayed some key features of the terminal UPR-induced cell death in bone marrow B cells. Normally, UPR leads also to a marked activation of NF-kB, which in turn induces the transcription of several anti-apoptotic genes, including several Bcl-2 family members. Since we observed a strong induction of the terminal UPR component CHOP without a marked increase of NF-kB activity or other key anti-apoptotic proteins, this situation may cause a dominance of pro-apoptotic factors, ultimately leading to apoptosis of developing lymphocytes.
In contrast to bone marrow B cells, bortezomib exerted only a moderate upregulation of CHOP in thymocytes, which implies additional pro-apoptotic mechanisms being triggered. These mechanisms may induce apoptosis in a thymocyteautonomous manner by enhancing autophagy, which is a critical process of cell death especially in the thymus. 38 In addition, the very recently described b5t proteasome subunit, expressed exclusively in cortical thymic epithelial cells 39 may be differentially affected by bortezomib, a matter which could explain the different recovery of CD4 þ and CD8 þ SP thymocytes.
Our findings have important implications for potential future proteasome inhibitor treatments in children, who still have significant ongoing lymphopoiesis. Even adult patients can regain a considerable level of B and T cell lymphopoiesis after hematopoietic stem cell transplantation. 40 According to our data, proteasome inhibitors cause severe but transient impairment of ongoing lymphopoiesis, after a single injection. However, long-term treatment with proteasome inhibitors in children or after stem cell transplantation may substantially alter and delay the regeneration of the lymphocyte repertoire. Furthermore, the preferential sensitivity of developing lymphocytes may indicate that lymphatic neoplasias resembling stages of lymphocyte development could display a favorable response to proteasome inhibition.
Materials and Methods
Reagents, mice treatment, and cell culture. BALB/c mice of 6-8 weeks of age were purchased from Charles River laboratories Inc. and maintained at the animal facilities of the University Hospital Erlangen. Three to five age-matched female mice received a single injection into the tail vein with either PBS alone or bortezomib (Velcade s , obtained from the Pharmacy of the University Hospital of Erlangen) dissolved in PBS at doses of 0.25, 0.5, 0.75, or 1 mg/kg. For all data shown in this report, the 0.75 mg/kg dose was selected, since it displayed maximal effects on lymphocytes without overt signs of toxicity. In addition, this dose had been reported to show specific activity in murine cancer models. 10 Mice were killed and cells from different organs were analyzed 8 h, 16 h, 24 h, 2 days, 3 days, 7 days, and 14 days after a single injection of bortezomib.
Freshly isolated lymphocytes were cultured in RPMI medium supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml streptomycin, 20 mM HEPES, and 50 mM b-mercaptoethanol (all from Invitrogen GmbH, Karlsruhe, Germany) in 96-well round bottom plates at 100 000 cells/well. Proteasome inhibitors (bortezomib or MG132 at 0.5 or 1 mM) and inducers of apoptosis (1 mM staurosporine, 100 U/ml anti-Fas (BD Pharmingen no. 554285) monoclonal antibody (mAb), or 1 mM dexamethasone) were added to the culture medium as indicated.
Western blot and electromobility shift assay analyses. Equal numbers of cells (2-4 Â 10 6 ) were washed with PBS and directly lysed in SDS sample buffer containing b-mercaptoethanol to generate total cell lysates from either sorted or unsorted cells. Alternatively, whole cell lysates were obtained after 30 min incubation with radioimmunoprecipitation assay buffer at 41C.
Proteins were separated by SDS-PAGE using a 10% gel and blotted onto a PVDF membrane. Blocking of the membrane was carried out with 5% nonfat milk powder or 2% bovine serum albumin in PBS containing 0.05% Tween-20. Blots were probed with respective antibodies and visualized using enhanced chemiluminescence. Antibodies were purchased from BD Pharmingen (anti-Bcl-2, anti-BiP, anti-poly-ADP-ribose-polymerase (PARP)) and Santa Cruz Biotechnologies (anti-Bcl-X, anti-Bax, anti-CHOP, anti-Hsp70). For chemiluminescence detection, the following horseradish peroxidase-conjugated antibodies were used: goat anti-rabbit IgG (Amersham Biosciences, Freiburg, Germany) and goat antimouse IgG1, IgG2a, and IgG2b (Southern Biotechnology Associates, Birmingham, AL). The murine myeloma cell line Ag8.H was treated with tunicamycin for 6 h to induce UPR activation and served as positive control for UPR-triggered proteins, 20 while human Jurkat T cells, untreated or treated with 1 mM staurosporine for 6 h, were used as additional controls.
Electromobility shift analyses (EMSAs) were performed using 32 P-radiolabeled double-stranded oligonucleotides with the NF-kB-binding sequence GGC CATGCCT as described previously. 11 Labeled probe and nuclear protein extracts were mixed and then separated on an 8% polyacrylamide gel. The intensity of bands was quantified using a phosphoimaging instrumentation (FLA 3000 and AIDA 2D Software from Fujifilm (Agilent Technologies, Palo Alto, CA, USA)).
Flow cytometry and cell sorting. Single cell suspensions from thymus and spleen were obtained by disrupting whole organs through a 70 mm cell filter using a syringe plunger and cells were washed through the filter with RPMI medium supplemented with 5% FCS. Numbers of viable cells were determined by counting trypan blue negative cells on hemocytometers. Cells were washed once with medium and then stained in PBS containing 5% FCS (10 6 cells/200 ml) with fluorochrome-conjugated antibodies directed against CD4, CD8, CD25, CD44, CD24, TCRb, CD69, B220 (CD45R), CD19, IgG, and IgM (all from BD Pharmingen). Cytofluorometric analyses were performed on a FACSCalibur (BD) and analyzed using the Cellquest Software (BD).
Cell sorting was performed using a MoFlo sorter from Dako Cytomation Corporation. Isolated fractions were re-analyzed after sorting for assuring their purity of 498%. B cells were purified either with anti-CD19-coupled magnetic beads using AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany) or stained with anti-B220-PE (in the case of further in vitro cultures to avoid possible activation of B cells with anti-CD19) and sorted using a MoFlo cell sorter.
Caspase assays. Caspases 3 and 7 activities were measured using a luciferase-based Caspase-Glo 3/7 assay kit (Promega, Madison, WI, USA), in which cells were incubated with a DEVD-aminoluciferin substrate according to the manufacturer's instructions. A Sirius luminometer (Berthold AG, Bad Wildbad, Germany) or a 96-well plate reader Spectramax 190 (Molecular Devices
